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PARP-1 catalyzes the transfer of the ADP-ribose moiety of NAD + to glutamate residues of nuclear proteins leading to PAR polymer tagging (Fig. 1A) , ultimately resulting in chromatin relaxation and recruitment of repair-associated proteins. PAR catabolism by poly(ADP-ribose) glycohydrolase (PARG) results in a very short half life of the polymer during DNA repair. 5 However, in response to excessive DNA damage, PAR can also serve as a mediator of apoptosis. Thus, the design of sensors for the temporal detection of the PAR polymer has the potential to aid in furthering our understanding of the chemical biology of the DNA-damage response.
For our turn-on PAR sensor design, we have employed split-protein reassembly (also called protein-fragment complementation), wherein initially non-functional fragments of a split-signaling protein are induced to reassemble through the direct interaction of attached domains. 6 Several signal generating split-proteins have been validated in this regard, including ubiquitin, 7a green fluorescent protein (GFP), 7b b-lactamase, 7c and luciferases. 7d,e Most split-protein systems to date have primarily focused on the detection of protein-protein interactions, though more recently RNA, DNA, and DNA modifications have also been targeted. 8 Furthermore, split-firefly luciferase has provided a homogeneous assay platform for analysis of protease activity, 9a kinase inhibitor selectivity, 9b and RNA-templated assemblies. However, to our knowledge there are no solution phase sensors for direct measurement of PAR polymer levels. In order to generate a bivalent PAR-specific split-protein sensor, we reasoned that the recently identified PAR-binding zinc finger (PBZ) modules of aprataxin PNK-like factor (APLF) (residues 376-441) 10 could be attached to each half of splitfirefly luciferase (split-Fluc), generating CLuciferase-APLF and APLF-NLuciferase with the expectation that a statistical distribution of APLF-luciferase halves bound to the PAR polymer would still permit B50% complementation and concomitant luciferase activity (Fig. 1B) . Potentially, this approach would allow for the direct detection of PAR polymer in complex aqueous environments without the need for the chemical derivatizations or separation steps that are commonly required. Herein we report the design and validation of our APLF-based split-luciferase biosensor for the PAR polymer.
As an initial validation of our biosensor, we tested an in vitro generated PAR polymer with a chain length between 2-300 units. We translated our split-proteins in a cell-free system using 10 mM ZnCl 2 typically used for Cys2His2 zinc finger domains ( Fig. 2A, inset) .
8e Incubation of the sensor halves with 50 picograms PAR resulted in a 4.5-fold increase in signal, indicating that the proximate binding of both APLF fusions was feasible ( Fig. 2A) . We furthermore investigated the use of our sensor for following PAR degradation over 2 h by exposure to the glycohydrolase, PARG. We observed a time dependent decrease in luminescence following incubation of presumably hydrolyzed PAR with our split-luciferase biosensors, again demonstrating that this sensor can potentially detect PAR metabolism (Fig. 2B) . We next sought to optimize the effect of ZnCl 2 concentration on luminescent signal output in the presence of PAR, since the PBZ domains of APLF require Zn 2+ for binding PAR, but the optimum levels are not known. 10 The titration revealed that a concentration of 50 mM ZnCl 2 present during translation provided the maximal signal over background, likely assisting in the proper folding of the Zn 2+ dependent APLF domain (Fig. 2C ). Using these optimized conditions, the lowest quantity of PAR detectable over background was determined to be below 12 picograms (Fig. 2D) . Thus, this new sensor provides a rapid and convenient method for directly detecting PAR with high sensitivity in a homogeneous solution, as well as for following PARG dependent PAR polymer hydrolysis.
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Encouraged by the sensitivity of detection of in vitro generated PAR, we next sought to induce PAR formation in mammalian cell cultures by addition of a genotoxic agent for induction of single-strand breaks. N-methyl-N 0 -nitro-N-nitrosoguanidine (MNNG) is a known DNA alkylating agent that is reported to primarily generate 7-methylguanine, 3-methyladenine, and O 6 -methylguanine lesions. 12 Although MNNG does not induce direct scission of the DNA backbone, formation of these methyl adducts has been proposed to weaken the N-glycosidic bond, leading to depurination, which is subsequently processed by apurinic endonucleases to yield single-strand breaks. PARP-1 recognizes these breaks and is activated to catalyze induction of PAR. To confirm PAR detection in cell lysates, we treated exponentially growing cultures of HeLa cells with 100 mM MNNG for 3 min, followed by immediate removal of the compound and cell lysis (Fig. 3A) . The total protein content of each sample was normalized using the BCA assay, and PAR was analyzed by addition of the sensor halves, CLuciferase-APLF and APLF-NLuciferase (Fig. 3B , 0 min). Since poly(ADP-ribosyl)ation is a dynamic event in cell signaling, with PAR undergoing rapid catabolism by PARG, we anticipated that we could monitor the temporal nature of this modification with our PAR sensor. We challenged HeLa cells with 100 mM MNNG for 3 min, followed by a recovery period of 0, 5, or 10 min. Upon exposure of cell lysates to our split-protein sensors, we observed a 3-fold increase in luminescent signal compared to untreated cells with a 0 min recovery time, followed by a maximal signal at 5 min (5-fold increase) and a return to near basal levels of PAR after 10 min recovery (Fig. 3B) . To establish generality, we next evaluated PAR dynamics in a second cell type, MCF7, which were treated with 100 mM MNNG for 3 min, followed by 0, 5, or 10 min recovery. A similar trend in PAR dynamics was observed as compared to HeLa cells. At 0 min recovery a 5-fold increase in signal was observed. A maximum of 8-fold signal increase occurred at 5 min, and PAR levels dropped to 6-fold by 10 min (Fig. 3C) . These results likely reflect differences in PAR turnover between the two cells types, which may be a function of the previously reported higher basal PAR levels observed for MCF7 cells. 13 Importantly, this new PAR sensor allows for a simple means to directly monitor PAR induction and recovery, which has conventionally been limited to traditional immunological probes.
14
In conclusion, we have developed a turn-on sensor for the direct detection of post-translational modifications accrued in the DNA-damage response. Specifically, we have adapted APLF as a useful modular domain for the determination of PAR levels involved in single-strand break repair and caspaseindependent apoptosis. By employing the genetically encoded split-luciferase as the signaling domain, we are able to synthesize our sensor in vitro in 1.5 h without further purification, providing ease of access to the biosensor. Importantly, this split-protein sensor is capable of reporting on the presence of this transient protein modification from mammalian cells and allows for monitoring temporal changes in PAR levels, which may ultimately aid in the elucidation of the kinetics of DNA repair and identification of differences in PAR dynamics upon exposure to various environmental conditions. This sensor adds to the tool-box for studying the chemical biology of DNA repair and cell death.
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The firefly luciferase (Fluc) halves utilized in all biosensors were split as previously described.
1 APLF (residues 376-441) was generated by Klenow extension of overlapping primers, followed by ligation into vectors (Invitrogen) containing CLuciferase (residues 398-550) or NLuciferase (residues 2-416), generating pEF6-V5/His TOPO-CLuciferase-APLF ( Figure S1 ) and pcDNA3.1-V5/His TOPO-APLFNLuciferase ( Figure S2 ). All sequences were confirmed using dideoxynucleotide sequencing. Genes encoding the split-proteins CLuciferase-APLF and APLF-NLuciferase were PCR amplified, and the corresponding products served as templates for in vitro transcription using a T7 Ribomax RNA production kit (Promega) according to the manufacturer's suggestions. Generally, 3 µg of amplified DNA template was incubated at 37 °C for 3 h in the presence of 1x T7 transcription buffer, 7.5 mM rNTPs, and T7 enzyme mix. The transcribed RNA was purified over illustra ProbeQuant G-50 Micro Columns (GE 
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